Chronic selenosis (alkali disease) was diagnosed in horses in the loess hills of western Iowa, 21 a region associated with marginal to adequate soil selenium and not previously reported to produce seleniferous crops. 6 Subsequent field investigations confirmed normal selenium levels in the soils sampled but elevated dietary intake. Locally produced seleniferous alfalfa hay (Medicago sativa L.) from 2 sites were identified as the primary sources. Drought-stimulated root development may have enabled long alfalfa taproots to extract selenium from deeper glacial subsoils. This communication describes the investigation of potential selenium sources associated with the horses and hays.
Clinical signs of chronic selenosis began during the late summer of 1989 in 3 mares, 2 studs, and 2 yearlings at site A and 5 mares and geldings at site B. Affected horses all developed moderate to severe tail and mane alopecia. One stud (site A) had moderate corrugated hoof lesions on the forelimbs, and progressed to mild lameness. At site B, all horses reportedly developed hoof wall deformities and pronounced lameness. Prior to investigation, another horse had been euthanized because of pain, lameness, and hoof sloughing. All affected horses recovered after changing to lower selenium hay. During a previous drought in 1983, 3 mares on farm A developed signs compatible with chronic selenosis. Ranges of selenium concentration in samples (ppm wet weight), excluding site B, were hair coat, 0.30-7.1; mane hair, 055-1.0; tail hair, 0.55-1.0; blood, 0.44-1.1; serum, 0.28-0.49; hoof wall, 0.8-2.2; and hoof sole, 0.5-2.8. 21 Site A was a diversified livestock and horse farm in Pottawattamie County, Iowa, with cow-calf, swine, and quarter horse herds. The 40-acre alfalfa hay field was located on a moderately sloped loess hill that leveled to a flat along a creek that ran through the farm. The general county soil survey map located the site A tract in the Monona-Ida soil association ( Fig. 1) , but more precise soil plots revealed the upper portion of the field to be Ida silt loam (1E3) and Napier silt loam (12C) in the lower and flat portions. 19 Except for hog manure periodically spread on the lower flat, no other applications were made to this field.
A second location, 2.5 km north of site A, was a parcel of cropland owned by a pleasure horse owner that subdivided the acreage for private lots. On the land retained, he had built a house, horse barn, and paddock and had planted the remaining 60 acres with alfalfa (site B). Like site A, the hay field was a moderately sloping tract at the bottom of a loess hill that leveled to a flat adjacent to a creek. The county soil survey map was also placed this acreage in the Monona-Ida soil association, but the more precise soil maps indicated that it was Napier silt loam (12B). 19 Treatments to the field included fertilization in 1989 to establish the alfalfa and pesticide application the next season to control weevils. The owner of the adjacent tract, further up the same hill, also owned horses and raised alfalfa hay but did not report any signs related to selenosis.
With a diagnosis of chronic selenosis (alkali disease), 21 the challenge was to identify the selenium source because Iowa is not recognized for having elevated soil selenium levels? Potential sources considered were feedstuffs, deep and shallow soils, and materials incidentally or intentionally added to the fields.
Alfalfa samples solicited from local western Iowa farms for comparison contained 0.8 ± 0.48 ppm Se (mean ± SEM on an air-dried basis) (n=2) for 1989 and 0.62 ± 0.149 ppm Se (n=6) in 1990. The average selenium content of alfalfa is 0.03-0.88 ppm. 10 .14 A survey of 6 Iowa counties estimated the selenium content of alfalfa at 0.16-0.58 ppm and 0.15-0.69 ppm for 2 counties in Nebraska. 1 However, alfalfa as a passive selenium accumulator has been reported 8, 11, 16, 20 with levels as high as 57 ppm. 2 Mean selenium levels for alfalfa at sites A and B ranged from 0.47 to 22.0 ppm, with large intraseasonal and betweencuttings variation ( Table 1 ). The variations may reflect selenium loss due to drying and storage 3, 20 rather than bioavailability or sampling error. Losses due to volatilization differ with plant species, stage of growth, season, and method of drying. 20 Some alfalfa plants were hand collected and air dried indoors, whereas bale samples had been sun cured and stored in hay lofts or fields. Field variation in alfalfa selenium content was documented at sites A and B (Table 2) , which would contribute to sampling error for individual cuttings.
A quality hay, such as alfalfa, can supply the nutritional requirements of a mature horse. The seleniferous hay at the study sites would have provided a diet with a mean selenium concentration > 5 ppm (as fed), which is potentially toxic. 13, 15 Horses on a performance vitamin-mineral formulation or calf-starter supplement, both of which contained 1.9 ppm Se (as fed), would have had an additional minor selenium intake because a few kilograms per day are typically fed. Loose or block salt was not fed.
Seleniferous pasture can produce selenosis in horses when associated with highly bioavailable selenium in the surface soi1. 3, 9 Surface and shallow-profile soil selenium levels within the pasture grass root zones were normal. Consumption of soil and surface water rarely contributes significantly to the total selenium intake, 15 although clinical problems have been associated with selenium in water?
Soils in Pottawattamie County, Iowa (Fig. l) , were formed from glacial drifts (till) from the Kansan and Nebraskan glaciations, wind deposited soil outwashing (loess) from 4 glacial periods, and alluvium derived from the 2 parent materials and interglaciation soils (paleosol). Seawright et a1. 17 sug- gested that till in Iowa should contain selenium at high levels. However, loess deposits in the region are unusually deep (10-30 m), forming high bluffs along the parent flood plain and pronounced hills to the east. Geological erosion along the steep hills have thinned the loess or exposed the underlaying paleosol or glacial till. 16, 19 Several reports exist of loess or loess-derived soils eroded to expose or form seleniferous material in low areas. l6,l7,20 Although not definitively determined, the selenium source for the alfalfa was probably the relatively exposed deeper subsoils of glacial origin. lenium. 8, 15 Selenium in soils could exist as elemental selenium, selenide, selenites, selenates, and organic selenium Bioavailability of selenium to plants is primarily influenced by pH, oxidation-reduction potential, soil texture, clay content and type, organic matter, competitive ions, and plant species. 10, 11, 15 Seleniferous soils generally are associated with alkalinity, good aeration, low rainfall, and bioavailable se-compounds determined by the net of chemical and biological processes. 8, 12, 13, 15 The selenate and organic selenium compounds are readily available to plants, especially in the selenate form. 7, 8 However, total selenium content in soil is often a poor indicator of resulting plant selenium concentration. 7 ing. 12, 16, 20 Alfalfa root development depends on plant age, soil characteristics, and environment. Alfalfa has a deep taproot and extensive lateral development, but dry soil conditions stim-Analysis of soil samples collected at sites A and B did not reveal elevated selenium levels or gradients. The mean (±SEM) selenium content at site A was 0.50 ± 0.075 ppm ulate even deeper and more branched root systems. 4 Alfalfa (n= 12) with a pH of 7.02 ± 0.163. The selenium content at site B was 1.25 ± 0.245 ppm (n=4). Although these levels, including 120-cm profile samples, were within the 0.01-2 ppm normal range, 8, 15 Moxon warned that soils with > 0.5 ppm Se are potentially seleniferous 11 because the low end of this range reflects the poor correlation between soil selenium and plant content due to bioavailability and deep root feed- root depths of 11 m occurred in an unirrigated hay field and up to 39 m over a mine in Nevada. 18 Soil samples collected at sites A and B did not include strata below the average depth of the Ida (170 cm) or Napier (230 cm) surface series. Roots of established alfalfa plants, especially during drought conditions (1988) (1989) would be expected to penetrate deep into the potentially seleniferous subsoils.
Field sampling of the alfalfa revealed a selenium gradient in the resulting hays ( Table 2 ). Upper portions of the field produced the lowest concentrations of selenium (0.19-2.5 ppm), whereas the flat areas by the creeks yielded high selenium levels (19-58 ppm). Roots of alfalfa grown on the lower portion of the fields could have penetrated deeper into the potentially selenium-rich paleosol and glacial till than the roots of alfalfa plants on the thicker alluvium or loesscovered grade and therefore could have extracted higher concentrations of selenium (Fig. 1 ). This differential penetration could also explain why at site B the alfalfa grown further uphill did not produce selenosis in the neighboring horses.
An additional minor selenium source on the hay field at site A may have been pig manure spread on the lower flat, because the swine rations were supplemented with 0.1-0.3 ppm selenium. If the excreta had contributed significant selenium levels, then the soil profile of the flat field would differ from the grade samples and the lower profile specimens. Manure from animals fed a selenium-adequate ration only marginally increased the selenium content of low-selenium soils. 15 Phosphate and nitrate fertilizers can contain notable levels of selenium, depending on the geographic origin. 8, 15 Rock phosphate from the western USA can contain 1.4-178 ppm Se. 15 An uncharacterized fertilizer was applied uniformly at site B when the hay field was established.
Selenium compounds were previously cleared for use as insecticides, 12, 13 and applications to soils or crops may have resulted in seleniferous produce. 12 No selenium insecticides were known to have been applied to either site, although at site B, an infestation of alfalfa weevils was controlled with a carbamate insecticide in 1990.
Although located downwind from a coal-fired power plant and a major urban area, industrial and other human-associated sources did not appear significant. Surface soil specimens collected along the prevailing wind coordinates failed to show horizontal deposition gradients or elevated selenium levels in the region. The west-east line soil samples yielded 0.67 ± 0.049 ppm Se (n=6), and the south-north set yielded 0.80 ± 0.097 ppm Se (n=5).
Chronic selenosis has been reported worldwide, but the incidence may be higher than previously recognized because seleniferous soils, industrial sources, and supplementation are common. Once diagnosed in livestock, it may be difficult to identify sources and to trace the selenium movement through history and the environment so the current problem can be corrected and future cases prevented. The seleniferous alfalfa likely extracted selenium from deeper subsoils after drought-stimulated extensive taproot development, given that soil samples from the surface series were compatible with the marginal to adequate selenium status of Iowa. As with the current location, other areas of the upper midwestem USA or of the world could experience similar chronic or periodic problems, depending on the geologic origins and influences, environmental factors, native and crop plants, livestock, and human activity. Supplementation of the ration with selenium (Se) is necessary in confined and pastured swine in the midwestern USA to maintain adequate activities of glutathione reductase and glutathione peroxidase in tissues. 6, 7, 11 These enzymes inhibit cellular oxidant damage from reactive oxygen species generated during metabolism. 5, 7 Selenium responsive diseases of swine include mulberry heart disease and hepatosis dietetica. 7, 11 Adequate Se and vitamin E are also necessary for maintenance of immune competence. 7 Even in cases where adequate dietary selenium is present, contaminating elements, such as sulfur, may form insoluble complexes with Se, thus inhibiting its absorption. 7 Conversely, high concentrations of Se in the ration or inappropriate parenteral dosing have caused focal symmetrical poliomyelomalacia in swine. [2] [3] [4] 12 Histopathologic lesions associated with these diseases may suggest imbalances in Se, but confirmation requires analysis of the liver or serum. Occasionally, only formalin-fixed tissue is available for testing and established normals for Se in formalin-fixed liver have not been available. Analysis of fresh, frozen, and formalin-fixed matched liver samples was done to provide these data for comparisons.
The right caudal lobe of the liver was taken at slaughter from 12 apparently healthy 90-105-kg crossbred hogs. The lobes of liver were wrapped in aluminum foil, packed on ice, and returned to the Animal Disease Diagnostic Laboratory at Purdue University for sectioning into 1-cm cubes weighing 1.38 ± 0.07 g. Six randomly selected cubes from each liver were placed in 500 ml of neutral buffered formalin and stored at room temperature; 6 cubes were wrapped separately in aluminum foil, frozen, and maintained at -17 C until testing; and 1 cube was immediately digested in nitric acid 8 to determine the concentration of Se in the fresh specimen. On days 2, 7, 14, 21, and 28, samples of frozen and formalinfixed liver were analyzed for Se by electron capture gas chromatography (EC-GC). 5 The nontransformed data were analyzed using Statistical Analysis Systems (SAS). 9 Analysis of variance (ANOVA), Student-Newman-Keuls (SNK) mean From the Animal Disease Diagnostic Laboratory, Purdue University, West Lafayette, IN 47907.
Received for publication July 9, 1992. separation tests, and multiple regression analysis were performed on the data. 10 Concentrations of Se were measured in the fresh, frozen, and formalin-fixed cubes of liver (Table 1) . Eleven treatments were defined to include Se in fresh liver on day 0 (1 treatment) and in frozen and formalin-fixed liver on days 2, 7, 14, 21, and 28 (10 treatments). Analysis of variance (Table 2) indicated a highly significant treatment effect (F = 6.46; F α=0.05;10,110 = 1.91). Testing of the contrasts between treatments revealed no statistically significant difference between values for Se in fresh and frozen liver (F = 1.47; F α = 0 . 0 5 ; 5 , 1 1 0 = 2.29), but the contrast of combined values for Se in fresh and frozen liver versus values for Se in formalin-fixed liver was highly significant (F = 51.24; F α =0.05;1,110 = 3.92). The mean concentrations of Se were tested for homogeneity using the SNK mean separation test ( Table 3 ). The means of values for Se in fresh and frozen treatments were homogeneous as were the means of Se in the formalin-fixed livers. Multiple regression analysis (Table 2 ) indicated a highly significant parallel linear treatment effect for Se in fresh/frozen and formalin-fixed tissue (F = 26.3; F α =0.05;2,8 = 4.46) characterized by a slight positive slope (0.00 1115 ppm/day) for both lines and intercepts of 0.531 ppm and 0.457 ppm, respectively (Fig. 1) . The mean concentration of Se in formalinfixed livers was 86% of that in either fresh or frozen livers. The confidence limits about both lines were corrected using calculations for least significant interval (LSI) to take into account the error variance of the ANOVA and that of regression. The LSI projections did not overlap, indicating a significant treatment effect on concentrations of Se between fresh/frozen and formalin-fixed tissues over all days.
The results show that formalin-fixed liver is a reasonable matrix for evaluating the status of Se in swine. There was a significant difference between the concentration of Se in fresh/ frozen and formalin-fixed liver, but there was no significant effect from individual animal variation as tested by ANOVA. Multiple regression of the partitioned data revealed a highly significant linear treatment effect for both fresh/frozen and formalin-fixed concentrations of Se. Additional testing by SNK confirmed that the mean concentrations of Se in formalin-fixed liver were homogeneous, and those in fresh and
